The use of flat-ended projectiles for determining dynamic yield stress
A number of investigations on the deformation of metals at high speeds was carried out during the war on behalf of the Armour Piercing Projectiles SubCommittee of the Ordnance Board under the Chairmanship of Dr C. Sykes, F.R.S., and in some cases metallographic examination of the specimens gave interesting information on the nature of deformation at high speeds. This paper describes the results of the examination of some small cylinders of mild steel, duralumin and standard silver (composition 92-5 % silver, 7-5 % copper) and of some hardened steel balls, which had been fired with various striking velocities against steel plates. The duralumin and standard silver cylinders were aged to the approximate hardness of the mild steel cylinders.
Metallographical examination showed th at the response to impact occurred in different ways, depending on the nature of the material from which the cylinders had been made. The results obtained were correlated with hardness measurements and threw considerable light on the mechanism by which deformation under impact a t high velocities can occur.
E x p e r i m e n t a l
The relevant data regarding the specimens examined are given in table 1. The mild steel cylinders were cut from rolled plate and the duralumin and standard silver ones from rolled bar. Both sets of cylinders were cut out of the rolled material so that the axis of the cylinder was parallel to the direction of rolling. The duralumin [ 323 ] 21-2 cylinders were subsequently solution heat-treated and aged at room temperature and the standard silver cylinders, also solution heat-treated, were aged to about the same hardness by ageing for 10 min. a t 240° C. The size of cylinders fired with striking velocities of (i) 600 ft./sec. or less, was 0-35 in. diameter, length 0*5 in., and (ii) above 600 ft./sec., 0-31 in. diameter, length TO in.
Hoffmann steel ball-bearings, | in. diameter, were also fired. Longitudinal and medial sections of the cylinders were polished and suitably etched, after which macro-and micro-examinations were carried out. Vickers diamond hardness impressions were subsequently made over the specimens after micro-examination.
( 1) Mild steel cylinders Figures 1, 2 and 3, plate 1, show the macrostructure of mild steel cylinders fired with striking velocities of 1110, 1250 and 2140 ft./sec., under magnifications of 5 diameters. The structures were developed by F ry's reagent (Berglund 1931), i.e. a strongly acid solution of copper chloride. I t is clear th at plastic flow had taken place in the head of the cylinder, the degree depending on the striking velocity, and that tensional forces must have come into play along the flanges of the head (figure 3).
The microstructure developed by re-polishing and etching with 5 % picric acid and | % nitric acid in alcohol, differed from that of mild steel deformed at a more ordinary speed, principally in the large number of Neumann lamellae observed. They were formed in scattered grains in which no visible plastic deformation was detected, i.e. in the region near the limit of strain, as shown in figure 4 , plate 2; and, as the deformed head of the cylinder was approached, the Neumann lamellae increased in number and became increasingly deformed. The deformation of the lamellae was similar to that shown in figure 29, plate 7.
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It is of interest to note that a narrow layer of material occurred immediately below the centre of the head of the cylinder, which was less heavily deformed than material at a greater depth (figure 5, plate 2).
As would be expected, maximum hardening occurred where deformation was greatest, as shown in figures 6, 7 and 8, which are diagrams of cylinders fired with striking velocities of 510, 1110 and 1250 ft./sec., respectively. The broken line in each diagram represents the limit of strain above which, and up to the head of the cylinder, Neumann lamellae appear, first in very small numbers, i.e. one or two in isolated crystals and then, in increasing numbers, in an increasing number of crystal grains as the head is reached. I t is of interest to note the cone-shaped region of unstrained material which penetrates into the deformed portion of the cylinder, as shown in figures 6, 7 and 8. The extent of penetration appears to depend upon the striking velocity.
(2) Steel balls
Figures 9 and 10, plates 2 and 3, show the etched sections of two hardened steel balls (Hoffmann) fired with striking velocities of 1975 and 3830 ft./sec., respectively, against mild steel plate of Vickers diamond hardness value about 140. The former specimen shows the presence of cracks and no plastic deformation; the latter has been considerably plastically deformed, as well as cracked. I t is significant th at (i) cracks alone have been formed on impact in the ball fired with the lower striking velocity and (ii) the direction of the cracks in the second ball have been changed owing to subsequent plastic deformation. This behaviour indicates th at the first result of impact at high velocity is the formation of cracks (cf. figures 9 and 10).
The white 'lines' shown in figures 10 and 11, plate 3, are probably due to regions of maximum shearing stress, where the heat generated locally has, most probably, raised the temperature of the material to the neighbourhood of the melting-point.
(
3) Duralumin cylinders
A different type of deformation structure occurred in the duralumin cylinders fired at high striking velocities.
On etching with Keller's reagent (Keller 1935) , what have been termed ' compres sion bands' were revealed. Figures 12 and 13 , plate 3, show these bands in the heads of cylinders fired with striking velocities of 500 and 640 ft./sec., respectively. Some of the crystal grains in the matrix are free from such bands, as shown in figure  12 and figure 14, plates 3 and 4. Plastic deformation, to a greater or less degree depending on the striking velocity, also occurs in the heads of the cylinders, as shown in figure 15 , plate 4, in the case of the cylinder fired with a striking velocity of 2160 ft./sec. In this particular specimen the heat generated on impact at the extreme head of the cylinder had been so great, th at a local rise in temperature had occurred which resulted in a complete change in microstructure, as shown in figure 16 , plate 4. This structure merges into th at shown in figure 15, i.e. deformed ' compression ' bands; the latter deformation decreasing as the unstrained region is approached. The heat generated at the extreme head of the cylinder has caused a change in microstructure similar to that associated with the accelerated ageing of duralumin due to cold-working and subsequent ageing at a high temperature. I t is, therefore, deduced th at the maximum temperature attained in the head of the cylinder must have been at least 200° C and very probably higher. Hardness measurements revealed that hardening had occurred to an extent comparable with the maximum it is possible to attain with cold-worked, heat-treated duralumin, i.e. 150 to 160 V.D.P.H.* (see figures 21 to 23).
Reference must now be made to the nature of the 'compression bands'. These are not ' twin formations ' since they do not differ in orientation from the surrounding matrix when examined under dark-ground illumination. They are also not 'slip bands' since with similar oblique illumination from opposite sides, both edges of the bands become illuminated, as shown in figures 18 and 19, plate 5. If these two photomicrographs are examined, it will be seen th at the edges of bands (white) in one photomicrograph differ in position from those in the identical area in the other; a pair thus indicating the width of the 'compression band'. This fact also shows th at 'compression bands' must have been selectively attacked by the etching reagent in comparison with the matrix, as shown diagrammaticallv in figure 20. •121
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limit of compression bands ' Compression bands ' are considered to be wedges of material which have moved in a direction relatively parallel to each other in individual grains (figures 12 to 14). The individual crystal has more or less crumpled up under impact, like a concertina ( figures 12 to 14) ; the axis of each crystal remaining unchanged with respect to those of its neighbours. The non-appearance of 'compression bands' in certain crystals is probably due to the relative orientation of the grain with respect to the axis of compression. The plane of polish of these particular grains is probably parallel, or nearly so, to the direction of slip, i.e. (110) planes. B arrett & Levenson (1940) observed what they also have termed 'compression bands ' in aluminium under static compression. These, in contrast with the above, are on a macroscopic scale and of the same order of size as Liider's lines. These authors, however, found by X-ray analysis th at the bands were twin formations. In order to determine whether the formation of 'compression bands' was accompanied by any distortion between the area of contact and the surrounding material, the duralumin cylinder fired with a striking velocity of 640 ft./sec. ( figure 22 ) was heat-treated for 1 hr. at 500° C. Recrystallization occurred through out the strained area with absence of any exaggerated grain growth. The grains in the very heavily worked area at the extreme head of the cylinder were finer than those immediately below, which were generally uniform in size. Similarly, the duralumin cylinder fired with a striking velocity of 2160 ft./sec. (figures 15 and 16) was annealed at 500° C but for the longer period of 1 day. Figure 24 , plate 5 shows the microstructure revealed by etching. The grain size was more or less uniform in the area in which recrystallization had occurred, i.e. in the strained area. Again, no region of exaggerated grain growth was found; a clear line of demarcation existing between the recrystallized grains and the original unstrained material (figure 24).
These results show that where no visible plastic deformation was observed, the residual strain caused by the formation of 'compression bands', between the latter and the surrounding material, must have been below the critical amount which would have given rise to excessive grain growth (Carpenter & Elam 1920) . This residual strain may, however, be responsible for the differential etching effect between a 'compression b and' and adjacent material ( figure 20) .
As in the case of the formation of Neumann lamellae, ' compression bands ' appear to be formed before plastic deformation takes place. Figure 17 shows an area in the head of the cylinder fired with the striking velocity of 1145 ft./sec. The stepped edges of the bands and the lines across them, revealed by differential etching owing to the presence of areas of worked material, are evidence th at ' slip ' occurred after the 'compression bands' had been formed. Figure 15 shows general distortion of the ' compression bands ' in the head of a cylinder fired with a striking velocity of 2160 ft./sec.
The results of hardness measurements made on cylinders fired with striking velocities of 500, 640 and 1145 ft./sec. are shown diagrammatically in figures 21 to 23. The limit of 'compression bands' is found to be approximately coincident with the limit of strain as determined by hardness measurements.
(4) Cylinders of standard silver (composition 92-5 % , 7-5 copper)
These silver cylinders were aged to a slightly higher hardness value than that of mild steel. The polished sections were etched by the reagent used by Norbury (1928) and the'presence of another type of deformation figure was observed. Cylinders fired with striking velocities of 300 to 800 ft./sec. and over, were characterized by the appearance of narrow 'bands', with pointed ends, of differing lengths and thickness in many of the crystals, see figure 25 , plate 6. These were most numerous in grains in the extreme head of the cylinders but, even there, some grains were devoid of these ' bands ' (probably for the same reason as mentioned in regard to absence of 'compression bands' in duralumin cylinders).
I t is of interest to note the course of these ' bands ' when a twin is present in the crystal grain. Figure 26 , plate 6, shows such a grain (right-hand side); the ' bands ' extend from the crystal boundary to one side of the twin and then re-appear on the opposite side of the twin. Examination of these ' bands ' under oblique illumina tion leads to the conclusion th at they are probably twinned regions and not 'compression bands'.
Slip, however, is superimposed on these 'bands' in certain regions, particularly in those in the extreme head of the deformed cylinder. Figures 27 and 28 , plate 6, are photomicrographs of two such areas. Similarly, the curvature of the ' bands ' in figure 25 may also be due to slight plastic deformation.
It was not possible at the time to check by X-ray analysis whether these ' bands ' were twinned areas, even if it were possible on such fine-grained material. Apart from the evidence above, it is highly probably th at twins have been formed, since standard silver twins readily. Further evidence was, however, obtained micro scopically. Figure 28 shows a grain boundary (top) which is serrated in a manner associated with twinning and not that associated with slip. Hence, the parallel lines shown below the boundary (figure 28) are the edges of twins which are due to 'block-movement' of comparatively large portions of the grain.
(5) Examination of ' b l o c k -m o v e m e n t' mild steel cylinder
In order to determine wdiether 'block-movement' in the mild steel cylinders takes place without leaving any significant residual distortion, the following experiments were carried o u t:
(i) A piece of mild steel was selected, in which a hole had been made by an explosive charge. In the neighbourhood of the hole, numerous deformed Neumann lamellae were present in plastically deformed grains, as shown in figures 29 and 30, plate 7, under magnifications of 200 and 500 diameters, respectively. A specimen cut from this area, i.e. figure 30, was heated for \ hr. at 650° C, and then lightly repolished and etched. As shown in figure 31, plate 7, which is the same area as figure 30 , complete recrystallization has occurred and the Neumann lamellae have disappeared. This fact is due to re crystallization of the plastically deformed crystal grains and distorted Neumann lamellae, followed by grain growth.
(ii) Further away from the hole in the same piece of mild steel, a region existed in which no visible plastic deformation could be detected but only comparatively few Neumann lamellae, as showm in figure 32 , plate 8. A specimen was cut from the portion and heat-treated for 5 min. at 750° C in vacuo. The microstructure of a marked place before and after heat-treatment is shown in figures 33 and 34, plate 8, respectively, under magnifications of 500 diameters. Apart from the disappearance of the pearlite and diminution in size of the Neumann lamellae, due, probably, both to the repolishing process and to absorption as a result of heattreatm ent, no change in microstructure was observed, i.e. no recrystallization. Hence, no significant residual distortion can have existed between the Neumann lamellae and the adjacent material else recrystallization would have occurred.
Hence, it is deduced th a t in areas where no visible plastic deformation of Neumann lamellae is observed, the latter have been formed with no significant residual distortion.
D i s c u s s i o n
The facts described above show that, under impact a t high velocity, relief of stress takes place by two processes, the first followed by the second; i.e. by the formation of either twins, compression bands or cracks, according to the nature of the material in question; and (ii) by subsequent plastic deformation. In brief, when the grain can no longer adapt itself to relieve the applied stress by one of the above processes, i.e. by the formation of twins or compression bands, resistance to slip breaks down and plastic deformation sets in. This initial resistance to slip takes place in individual grains by a 'block' movement of material within the grains, i.e. a wedge (or wedges) of material moves relatively to the rest of the grain, thereby relieving the stress.
When twinning results from this ' block ' movement no residual distortion occurs; but when ' compression bands ' are formed, it is probable th at the shifting of wedges of material may cause slight residual distortion. This 'block' movement is, there fore, a local movement in individual grains, which occurs initially in relief of stress applied with high velocities. In contrast, plastic deformation, or slip, is the general relief of stress by all the grains concerned. This takes place after the 'block' movement of individual grains has occurred.
The occurrence of ' block movement ' prior to the general plastic deformation may be associated with the higher yield point observed when metals are stressed under dynamic conditions (Brown & Vincent 1941) . 
